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MinireviewA New Ticket for Entry into
Budding Vesicles—Ubiquitin
The role of ubiquitin in promoting internalization is not
restricted to tagging cargo; ubiquitination appears to
regulate the activity of one or more component(s) of
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the endocytic apparatus as well. At least one plasmaNorthwestern University
membrane protein, the growth hormone receptor, re-Evanston, Illinois 60208
quires cellular ubiquitinating enzymes to be efficiently
internalized even though it does not need to be ubiquiti-
Sorting signals determine the location and fate of pro- nated itself (Govers et al., 1999). Similarly, the internal-
teins. These signals can be carried within the amino acid ization of a yeast receptor-ubiquitin chimera that does
sequence of a protein or they can be posttranslationally not need to be posttranslationally ubiquitinated prior to
appended in a regulated manner. With several recent endocytosis still requires ubiquitin-conjugating en-
and surprising revelations, it is now clear that the poly- zymes and the Rsp5 ubiquitin ligase (a Nedd4 homolog)
peptide ubiquitin can act as a regulated sorting signal (Dunn and Hicke, 2001). In these cases, the target of the
at different steps of the endosomal and biosynthetic ubiquitination machinery appears to be a trans-acting
pathways. Ubiquitin is a 76 amino acid protein that be- endocytic protein(s). One candidate is Eps15, a core
comes conjugated to proteins through the concerted component of the clathrin-based machinery, that be-
action of three enzymes: a ubiquitin-activating enzyme comes monoubiquitinated upon treatment of cells with
(E1), a ubiquitin-conjugating enzyme (E2), and a ubiqui- growth factor (van Delft et al., 1997).
tin ligase (E3) involved in target recognition. The ubiquiti- Ubiquitin and ubiquitin ligases are required not only
nation reaction usually results in the formation of an for vesicle budding into the cell but also play a role in
isopeptide bond between the C terminus of ubiquitin budding into the extracellular milieu, specifically in the
and lysine residues in substrates. Substrates can be release of enveloped viruses from infected cells (re-
modified with monoubiquitin or with a polyubiquitin viewed in Hicke, 2001). The role of ubiquitin in budding
chain that is linked through lysines present in ubiquitin is best characterized for retroviruses. The retroviral Gag
itself. Ubiquitin’s well-established function is to target protein carries a short sequence called the late (L) do-
proteins for degradation by the 26S proteasome. How- main that is required late in the budding process. L
ever, noncanonical functions of ubiquitin are proliferat- domains of most enveloped viruses carry proline-rich
ing rapidly and some of the best characterized are in sequences that promote Gag monoubiquitination by re-
controlling protein trafficking within the cell (Figure 1). cruiting the Nedd4 ubiquitin ligase. Also, several func-
Ubiquitin at the Plasma Membrane—Going tional tests support the idea that Nedd4 and Gag ubiqui-
in and out tination are key factors in virus particle release. Like
Ubiquitin appeared on the protein transport scene when retroviral Gag, the budding proteins of other enveloped
viruses have L domains that interact with Nedd4. Conse-it was discovered that ubiquitination is required for the
quently, recruitment of the cellular ubiquitination ma-endocytosis of a number of yeast plasma membrane
chinery may be a general mechanism used in virus as-proteins. Plasma membrane proteins of many types,
sembly.including signaling receptors, permeases, and trans-
Ubiquitin at the Endosome—Destinationporters, are ubiquitinated at the cell surface on specific
Lysosomal Degradationlysine residues. Ubiquitination is required for the first
Budding of enveloped viruses at the plasma membranestep of endocytosis, entry into primary endocytic vesi-
is topologically equivalent to the budding of vesiclescles budding from the plasma membrane. By contrast
into the lumen of the late endosome. Proteins from bothto proteasome-mediated degradation, which requires
the endocytic and biosynthetic pathways arrive at thethe formation of relatively long polyubiquitin chains, en-
late endosome en route to the lysosome. As the latedocytosis requires only monoubiquitination (reviewed in
endosome matures, regions of its membrane invaginateHicke, 2001). Monoubiquitin carries a three-dimensional
into the interior of the organelle and form vesicles, gen-internalization signal that is unlike previously defined
erating a compartment known as the multivesicular bodylinear peptide internalization signals. Ubiquitin appears
(MVB). When the mature MVB packed with vesiclesto be the most common internalization signal employed
fuses with a lysosome, the vesicles are delivered to theby Saccharomyces cerevisiae and it is also used in
lumen of the lysosome where they are degraded. Thus,higher eukaryotes. In mammalian cells, many signaling
sorting of membrane proteins into MVB vesicles is re-receptors are ubiquitinated in response to ligand binding
quired to target them for lysosomal degradation. Theby cellular machinery that includes either the Nedd4
inability to be sorted into MVB vesicles appears to resultor Cbl ubiquitin ligases. As in yeast, monoubiquitin is
in different fates for biosynthetic and endocytosed pro-sufficient to promote internalization from the plasma
teins: biosynthetic proteins are transported to the lim-membrane. Thus, monoubiquitin is a conserved internal-
iting membrane of the lysosome rather than being deliv-ization signal that can be appended to proteins in a
ered to the lumen, and endocytosed proteins seem to beregulated manner to target them for rapid entry into the
recycled back to the plasma membrane prior to fusion ofendocytic pathway.
the MVB with the lysosome (see below).
A crucial role for ubiquitin in MVB sorting was first
suggested by studies on activated growth factor recep-1 Correspondence: l-hicke@northwestern.edu
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containing the CPS ubiquitination site can be transferred
to a vacuolar membrane protein that is not normally
sorted into MVB vesicles. This chimeric protein now
becomes ubiquitinated and is sorted into MVB vesicles
rather than remaining on the limiting membrane, a dem-
onstration that ubiquitination is both necessary and suf-
ficient for cargo entry into budding MVB vesicles (Katz-
mann et al., 2001). A ubiquitin signal is required for
multiple MVB cargo proteins because the sorting of an-
other ubiquitinated protein, the polyphosphatase Phm5,
is disrupted in a doa4 mutant that has low levels of
free cellular ubiquitin and Phm5 ubiquitination sites are
required for its MVB sorting (Reggiori and Pelham, 2001).
The role of ubiquitin in MVB sorting has been further
demonstrated by using ubiquitin to divert a nonvacuolar
protein, Vps10, which normally cycles between the late
endosome and the trans-Golgi network (TGN), into theFigure 1. Steps in the Biosynthetic and Endocytic Pathways at
which Ubiquitin Is Required to Modify Cargo or Budding Machinery vacuole (Urbanowski and Piper, 2001). Fusion of ubiqui-
Known ubiquitin ligases acting at each step are shown in green. tin in-frame to the cytoplasmic domain of Vps10 is suffi-
cient to drive Vps10-Ub protein into MVB vesicles. Simi-
larly, fusion of ubiquitin to proteins that normally residetors that are downregulated by endocytosis and subse-
on the limiting vacuolar membrane causes their localiza-quently degraded in the lysosome. Several receptor ty-
tion to the vacuolar lumen. The experiments demonstra-rosine kinases, including the epidermal growth factor
ting that ubiquitination is required for biosynthetic cargoreceptor (EGFR), are ubiquitinated at the cell surface by
to enter budding MVB vesicles, together with the obser-the ubiquitin ligase encoded by the Cbl proto-oncogene.
vations suggesting that ubiquitin is required to targetAlthough the internalization of the EGFR and other
internalized cell surface receptors to the lysosome,growth factor receptors is likely to be triggered by Cbl-
strongly suggest that ubiquitin is a general signal usedmediated ubiquitination (Lee et al., 1999), the rate of
as a ticket for entry into vesicles budding into the MVBEGFR internalization is not affected by Cbl overex-
lumen.pression. Under the same conditions, the lysosomal
Ubiquitin—Sorting at the TGN Toodegradation of the receptor is stimulated significantly
Amino acid permeases, which transport amino acids(Levkowitz et al., 1998). This observation led to the sug-
into cells from the extracellular environment, are regu-gestion that ubiquitination of the EGFR was also impor-
lated according to the availability of particular nutrients.tant for endosomal sorting later in the pathway. Ubiquitin
In response to changing nutrient availability, newly syn-seemed to be required to prevent internalized receptors
thesized and intracellular pools of permeases can be
from recycling by shunting them into a pathway that
either rapidly transported to the cell surface or targeted
resulted in lysosomal degradation. Different approaches
for destruction in the lysosome/vacuole before ever
led to similar conclusions for a role of ubiquitin in endo-
reaching the plasma membrane. This sorting decision
somal sorting of the interleukin 2 receptor in mammalian is made relatively late in the biosynthetic pathway, at
cells (Rocca et al., 2001) and the Ste6 peptide trans- the TGN. In this trafficking event also, ubiquitin is a key
porter in yeast (Losko et al., 2001). regulator in a role that is distinct from its function in
Although evidence accumulated in support of a re- controlling sorting into MVB vesicles. In addition, for
quirement for ubiquitin in endosomal sorting, this was permease sorting at the TGN there is an elegant twist
difficult to prove by studying proteins from the endocytic involving the regulation of monoubiquitin versus poly-
pathway, which also require ubiquitination to enter the ubiquitin chain formation.
pathway at the internalization step. The idea that ubiqui- Ubiquitin-dependent sorting of two different yeast
tination is necessary to regulate sorting of cargo pro- permeases, the Tat2 tryptophan permease and the Gap1
teins into MVB vesicles has now been rigorously proved general amino acid permease, has been reported. Tat2
in experiments using substrates from the biosynthetic is present both on the plasma membrane and in an
pathway that can be sorted into the MVB pathway (Katz- intracellular pool that likely corresponds to the Golgi/
mann et al., 2001; Reggiori and Pelham, 2001). One of endosomes. In cells exposed to poor nitrogen sources,
these proteins is carboxypeptidase S (CPS), a hydrolase intracellular Tat2 is transported to the vacuole rather
that is synthesized as an integral membrane precursor than the plasma membrane. Transport of Tat2 to the
and then released from the membrane in an active form vacuole is blocked by depleting the intracellular pool of
upon fusion of multivesicular late endosomes with the free ubiquitin, by mutating lysine ubiquitination sites in
lysosome-like vacuole of yeast. The evidence that ubi- the N terminus of the permease, or by mutation of the
quitination of the cytoplasmic tail of CPS directs its Rsp5 ubiquitin ligase. These observations suggest that
entry into budding MVB vesicles is compelling. CPS is ubiquitination of Tat2 is required for its regulated diver-
monoubiquitinated on a single lysine in its short cyto- sion into a pathway that leads to the vacuole (Beck et
plasmic tail and mutation of this ubiquitination site to al., 1999). By contrast to Tat2, the Gap1 permease is
arginine prevents sorting of CPS into MVB vesicles. The targeted to the vacuole when nitrogen sources are rela-
mutant CPS arrives in the vacuole but it remains on tively rich. Nevertheless, the mechanism of downregula-
tion targeting these permeases to the vacuole seemsthe limiting membrane. A seven amino acid sequence
Minireview
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to be similar. Like Tat2, Gap1 is ubiquitinated in the
biosynthetic pathway and ubiquitination regulates
whether Gap1 travels to the cell surface or is degraded
in the vacuole (Helliwell et al., 2001).
Although monoubiquitin is a sufficient signal in the
endocytic pathway, a genetic approach to studying the
regulated trafficking of Gap1 has revealed a role for
polyubiquitination in TGN sorting. A screen to isolate
genes that would cause missorting of Gap1 to the vacu-
ole under conditions when it is normally targeted to
the plasma membrane uncovered two genes, BUL1 and
BUL2 (Helliwell et al., 2001). Overexpression of Bul pro-
teins causes unregulated sorting of Gap1 to the vacuole
and a bul1 bul2 mutant has the opposite effect—
Gap1 travels to the plasma membrane regardless of
nutrient availability. The Bul proteins were first identified
as proteins that interact with Rsp5, suggesting that they Figure 2. Proteins Involved in Ubiquitin-Dependent Protein Sorting
may act in permease sorting by influencing ubiquitina- that Carry Putative Ubiquitin Binding Domains
tion of Gap1. In cells expressing both the Bul proteins ENTH, PI-4,5-bisphosphate binding domain; UIM (blue ovals), pro-
and Rsp5, Gap1 is polyubiquitinated. By contrast, in a posed ubiquitin-interacting motif; clathrin binding motifs (gold
bul1 bul2 mutant, Gap1 is preferentially monoubiqui- circles); EH, Eps15 homology domain; UBA (red oval), ubiquitin asso-
ciated domain; VHS, Vps27/HRS/STAM domain; FYVE, PI-3-phos-tinated. This observation suggests that the Bul proteins
phate binding domain; UBC-like (UEV), ubiquitin-conjugating enzyme-act as ubiquitin ligase adaptors that stimulate the exten-
like domain (purple oval). Ent1 and Ent2 are yeast epsin homologs.sion of polyubiquitin chains on Rsp5 substrates. Al-
Ede1 is a yeast protein similar to the Eps15 endocytic protein.
though this has yet to be confirmed by in vitro ubiquitina-
tion reactions, it appears that the Rsp5-Bul complex
modifies Gap1 with polyubiquitin chains. complexes, that link cargo to the clathrin-based budding
What is the relationship between the ubiquitination of machinery. At least in some cases, AP complexes are
Gap1 and its sorting? In bul1 bul2mutant cells, Gap1 not required for the internalization of ubiquitinated cargo
is monoubiquitinated instead of polyubiquitinated and (reviewd in D’Hondt et al., 2000). In yeast, where most
this correlates with constitutive transport of the perme- proteins are endocytosed by ubiquitin signals, AP pro-
ase to the plasma membrane. Thus, under nutrient con- teins are not necessary for internalization. Furthermore,
ditions that promote transport to the plasma membrane, the AP-2  subunit that binds linear peptide internaliza-
permeases at the TGN are either monoubiquitinated or tion signals is not required for internalization of the
not ubiquitinated at all. In response to changes in nutri- EGFR, another protein that probably uses a ubiquitin
ent availability, permeases become available to a Rsp5-
endocytosis signal. Therefore, one simple model is that
Bul complex and are polyubiquitinated, a signal that
endocytic cargo carrying a ubiquitin signal is recognized
targets the proteins to the vacuole. Monoubiquitination
by novel ubiquitin binding proteins, which act in lieu of
of the permeases is not necessary for their transport to
AP complexes to link cargo to the endocytic machinery.the cell surface because plasma membrane localization
Hints as to what these ubiquitin binding proteins mightof Gap1 occurs normally in a rsp5 mutant that cannot
be have come from a recent sequence analysis sug-mono- or polyubiquitinate the permease (Helliwell et
gesting that members of the basic endocytic machineryal., 2001). Furthermore, since monoubiquitinated Gap1
can bind to ubiquitin (Hofmann and Falquet, 2001) (Fig-travels to the plasma membrane, the decision point at
ure 2).which Gap1 is sorted to the cell surface must occur
Hofmann and Falquet reasoned that they could iden-before it encounters the MVB sorting machinery. There-
tify sequence motifs involved in binding ubiquitin start-fore, ubiquitin-dependent sorting of permeases, and
ing from the defined sequences in a subunit of the pro-perhaps other regulated cargo, is distinct from MVB
teasome, Rpn10/S5a, that are known to interact directlysorting. The polyubiquitin chain signal is probably spe-
with ubiquitin. Using this approach they identified ancific to the sorting of proteins that undergo regulated
20 amino acid sequence called the UIM (ubiquitin-trafficking, because the bul1 bul2 mutant does not
interacting motif) that is present in a number of proteinsaffect the trafficking of proteins that are constitutively
from yeast to humans. Remarkably, several proteins thattransported from the biosynthetic pathway to the endo-
are known or suggested to function in internalizationsomal system.
(epsins and Eps15) and at the late endosome (Vps27/What Is the Ubiquitin-Dependent
HRS, STAM and HBP) carry UIM motifs. Although it mustSorting Machinery?
still be confirmed that UIMs are general ubiquitin bindingAs described above, ubiquitination is required for cargo
domains, these observations imply that endocytic pro-sorting in at least three distinct protein transport events:
teins may directly recognize ubiquitinated cargo. Differ-at the plasma membrane, at the late endosome, and at
ent forms of phosphatidylinositols (PIs) are found in dif-the TGN. What is the mechanism that is used by the cell
ferent cellular membranes and are thought to recruitto recognize and sort cargo carrying a ubiquitin signal?
specific components of the membrane transport ma-Linear peptide sorting signals, such as those based on
chinery to the appropriate membrane. Epsins andtyrosine or di-leucine motifs, act at the TGN and plasma
membrane by binding to clathrin adaptor proteins, AP Vps27/HRS each carry a characteristic domain that is
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infected cells.
Ubiquitin is a posttranslational modification, akin to
phosphorylation, that can regulate protein location and
activity in a myriad of ways. One of the advantages of
ubiquitination over linear peptide sorting signals is that
it is reversible. Ubiquitin can be appended to a protein
and then removed by a deubiquitinating enzyme, an
arrangement that allows individual sorting decisions to
be made or redesignated at different steps in a pathway.
Ubiquitin could also be used as reversible modification
to regulate activity or assembly/disassembly of the en-
docytic machinery. Consistent with these ideas, the
functions of several deubiquitinating enzymes are impli-
cated in the endocytic pathway (Amerik et al., 2000;
Cadavid et al., 2000; Kato et al., 2000). Ubiquitin, then,
has emerged as a major player in membrane trafficking.
The importance of ubiquitin’s role in regulating intracel-
lular transport, secretion, and endocytosis is indicated
by human diseases, including viral infection and can-
cers, that are linked to ubiquitin-dependent protein
transport. We now need to better define the mechanisms
by which this small but powerful polypeptide exerts its
control.
